The ability to distinguish sex using secondary rather than primary sexual characteristics allows the reduction or elimination of handling organisms, an advantage with rare and/or fragile species. Based on observations of differences in the morphology of gnathopods 1 and 2 of male and female cave amphipods, Gammarus acherondytes and Gammarus troglophilus, we tested the hypothesis that gnathopod morphology could be used to identify sex. To examine the size at which gnathopod metrics allowed reliable identification of sex and to establish predictive relationships, we recorded sex, total body length, and the length and width of propodi from museum collections. In an attempt to test these predictive relationships with an independent data set, we discovered that relationships were species and population specific, even after accounting for shrinkage in the preserved samples. Sex could be most successfully distinguished for G. acherondytes from Reverse Stream Cave using propodus 1 length, while for G. troglophilus it was propodus 2 length. Because regression lines of relationships diverged for G. troglophilus from Fogelpole Cave, all metrics except propodus 1 length were predictive. Although gnathopod dimorphism was limited to large individuals, it was much faster than examining individuals for the presence of penal papillae or oöstegites. Thus, using gnathopod morphology to determine sex may be adequate for some studies.
INTRODUCTION
Sexually dimorphic traits are widespread among vertebrate and invertebrate taxa (Schnell et al., 1985; Douglas, 1993; Lefebvre et al., 2000; Edelaar et al., 2005) . These traits include morphological differences, generally, but not always, restricted to males and are referred to as secondary sexual characteristics. These include such traits as larger overall size, bright coloration, elaborate weaponry, and ornamentation (Darwin, 1871; Andersson, 1994) . Researchers have made use of such dimorphisms to easily distinguish the sex of organisms, an important parameter for many ecological studies (Cadrin, 1995; Edelaar et al., 2005) .
The ability to readily identify sex without physically handling specimens allows researchers to avoid undue influence on study organisms. For example, behavioral observations could be altered if ethologists had to handle organisms to determine sex. In addition, stress or injury due to handling may reduce survival or increase susceptibility to predation upon release. These are especially important issues for cave species which tend to be less abundant than surface species (Barr, 1967; Culver, 1982) , and endangered species with fluctuating or declining abundances, such as the US federally listed Illinois cave amphipod, Gammarus acherondytes Hubricht and Makin, 1940 (USFWS, 2002; Lewis, 2001 Lewis, , 2003 Lewis, , 2007 . Methods have been developed that minimize the impact of research on cave amphipods, such as the non-lethal census protocol (Lewis et al., 2003) and tissue samples for genetic analyses (Wilhelm et al., 2003) . However, basic biological information, including sex, is essential when developing recovery programs and management strategies.
The sex of crustacean amphipods can be identified from a variety of primary and secondary sexual characteristics, including the length of the second antennae (Bousfield, 1989) ; the presence or absence of calceoli on the antennae of males and/or females (Bousfield, 1989; Sutcliffe, 1992 Sutcliffe, , 1993a Sutcliffe, , 1993b ; ventral penial papillae on the seventh pleomere for males or brood plates on the inside of coxae 2 through 5 to 7 for females (Sutcliffe, 1992 (Sutcliffe, , 1993a (Sutcliffe, , 1993b ; and the shape and size of gnathopods (Borowsky, 1984; Conlan, 1991; Clark, 1997; Wellborn, 2000) . Generally, the sex of amphipods is most reliably determined by the presence of penial papillae or brood plates, but this requires extensive manipulation of individuals because the features are ventrally located where they are usually obscured by pleopods and uropods. Thus there may be a risk of injury as researchers probe to see features a fraction of a millimeter in size. Unfortunately, calceoli are even smaller and counting antennal segments on live specimens under field conditions in a cave is nearly impossible, and often antennae are broken. Dimorphism in gnathopod size may offer a method to easily distinguish sex in live cave amphipods. It has been used in epigean amphipods (Conlan, 1991; Jorgenson et al., 1992; Wellborn, 2000) but is not reliable for all amphipod species. It is generally useful for species that guard mates (Conlan, 1991; Sutcliffe, 1992) . Some guarding males carry females by locking the dactyl of their first and/or second gnathopod beneath coxal segments of a female (Borowsky, 1984) forming a pre-copulatory pair until the female molts and releases eggs (Sutcliffe, 1993b) . Guarding males tend to have enlarged propodi on gnathopods 1 and/or 2 (Borowsky, 1984; Conlan, 1991 ; but see Hume et al., 2005 for alternative use of male gnathopods). Because gnathopods are highly visible, combining in-cave census work with digital photo-microscopic techniques could allow increased biological information to be obtained without having to heavily sedate or excessively handle individuals, which further minimizes the impact of researchers on cave fauna.
During past research with cave amphipods, we noticed differences in the size of the propodus of gnathopods 1 and 2 between males and females of G. acherondytes and G. troglophilus Hubricht and Makin, 1940 . Our objective here was to test the general hypothesis that gnathopod morphology can be used to distinguish sex in the two cave amphipods. If possible, important biological information could be obtained without unnecessary handling and manipulating cave amphipods, thus minimizing researcher impact on fragile and sensitive cave ecosystems. We present relationships of propodus length, and width of gnathopods 1 and 2 as a function of body size established from museum collections to examine at what body size sex could be reliably identified. To test the robustness of these relationships, we constructed an independent data set from photomicrographs taken in the field during a life history study (Venarsky et al., 2007) . Statistical comparisons after accounting for shrinkage in the museum collections revealed that relationships were population specific.
MATERIALS AND METHODS
To measure gnathopod metrics and establish initial relationships as a function of body size, we obtained samples of G. acherondytes and G. troglophilus from the Illinois Natural History Survey invertebrate collections, Champaign, Illinois (INHS Catalog Nos. 9491 to 9493 and 9500 to 9503). These samples originated from collections of G. acherondytes from Illinois Caverns in 1999, located approximately 10 km south of Waterloo, IL. Collections of G. troglophilus in 2000 came from Fogelpole Cave, located approximately 20 km southeast of Waterloo, IL. Species were identified and separated using keys in Holsinger (1972) and characters described by Lewis (2000) .
To independently test the predictive relationships established from the above two populations, we obtained measurements of both species from specimens collected and photographed in the field as part of a life history study between 2003 to 2005 (Venarsky et al., 2007; Venarsky and Wilhelm unpublished data) from Reverse Stream Cave, located approximately 5 km west of the city of Waterloo, IL.
Measurement of Metrics
To measure total body length (TBL), digital photographs of entire amphipods were taken with a FuijiZoom 6800 digital camera (Fuji Camera Corp, Japan) attached to either a Leica MZ 9.5 stereomicroscope (Leica GmbH, Germany) or a Bausch and Lomb dissecting microscope for the museum collections and field study, respectively. Total body length was measured from the tip of the rostrum to the base of the telson on the digital images with ImageJ (National Institutes of Health; W. Rasband, 1997) to the nearest 0.025 mm. Sex was based on primary sexual characteristics: a pair of penal papillae on the sternum of pleomere 7 for males and oöstegites (brood plates) at the base of the second through fifth pereiopods for females. Using these characters it was possible to sex amphipods down to a size of 8.45 mm (Venarsky et al., 2007) . For G. acherondytes, individuals were identified as juveniles (, 8.45 mm) , immature males (8.45-15.1 mm), immature females (8.45-12.3 mm and with non-setose oöstegites), mature females (. 12.3 mm identified as those that contained a brood or had distended oöstegites), and mature males (. 15.1 mm). Because males guard females by forming pre-copulatory pairs, we reasoned that males in such pairs should be sexually mature. The smallest size of mature males in pre-copulatory pairs observed by Venarsky et al. (2007) was 15.1 mm for collections made monthly for 1.25 years. For G. troglophilus, individuals were identified as juveniles (, 8.8 mm) , immature males (8.8-17.4 mm), immature females (8.8-11.3 mm and with non-setose oöstegites), mature females (. 11.4 mm identified as those that contained a brood or had distended oöstegites), and mature males (. 17.5 mm), the smallest male observed in a pre-copulatory pair (Venarsky and Wilhelm, unpublished data) .
To measure gnathopod metrics from museum collections, one each of gnathopod 1 and 2 (GN1, GN2) was removed from specimens and mounted on a slide in liquified glycerol jelly, covered with a cover slip, and allowed to cool. Mounts were inspected immediately to ensure the gnathopod was mounted flat, otherwise the slide was briefly re-heated and the cover slip manipulated until the gnathopod was flat. Because mounts were made with a large amount of jelly and the entire gnathopod which contains relatively hard parts was mounted, no distortion was expected -but this was not examined independently, i.e., first measuring unmounted lengths and then comparing them to lengths after mounting. Propodus length (PL) and width (PW) (Fig. 1) were measured from individual digital images obtained with a Nikon compound microscope (Nikon Corporation, Japan) equipped with the above mentioned camera and ImageJ (National Institutes of Health; W. Rasband, 1997) to the nearest 0.01 mm. Propodus length was measured as a straight line near the anterior margin from the joint with the carpus to near the insertion of the dactyl, while width was measured at the widest point of the propodus perpendicular to its length ( Fig. 1 ). For field collected amphipods, only photomicrographs in which both gnathopods were visible and horizontal were measured to the nearest 0.025 mm. Even though we measured and examined other metrics such as area, perimeter and length:width ratio, we only report on length and width because these were variables with clearest separation between sex, and could be most reliably measured on photographs of field collected amphipods. To measure area and perimeter, gnathopods needed to be flat, which was rarely possible to achieve with anaesthetized field collected amphipods.
Correction for Shrinkage in Museum Samples
Segmented animals and those with soft tissue generally undergo changes in body length when preserved in ethanol or formalin (Lasenby et al., 1994; Yan and Pawson, 1997; Yan and Pawson, 1998 ; but see Black and Dodson, 2003; Põlluppüü, 2007 for reports of no shrinkage with preservative). Reported shrinkages in body lengths of 8-22% would cause comparisons made here based on body size to result in spurious results. To protect against this, we used analysis of covariance (ANCOVA) to compare head capsule -body length relationships between freshly caught G. acherondytes from Illinois Caverns (Wilhelm et al., 2006) and the museum specimen to detect potential shrinkage and develop a correction. Because the head capsule is a hard part and is not expected to shrink with preservation (see Fig. 1 . Schematic of amphipod gnathopod 2 showing metrics length (Alongest axis of gnathopod), and width (B -widest point perpendicular to long axis) measured to determine if and at what size gnathopod morphology can be used to distinguish sex in the cave amphipods Gammarus acherondytes and Gammarus troglophilus.
Black and Dodson, 2003 for lack of carapace shrinkage in Daphnia; and Yan and Pawson, 1998 for lack of shrinkage of the caudal process of Bythotrephes) we used it as the independent variable, total body length as the response variable and sample status, fresh or preserved, as the grouping variable. Furthermore, because shrinkage decreases asymptotically with length of time in preservative, being most rapid in the first month (Lasenby et al., 1994; Yan and Pawson, 1998; Wetzel et al., 2005) , we reasoned that the museum samples had reached their maximum shrinkage after 5-6 years. Slopes of lines of preserved and fresh samples were similar but intercepts differed (ANCOVA Slope -
2 ¼ 0.79) by 2.54 mm. Therefore, the body size of museum specimen was corrected by adding 2.54 mm to all measured lengths.
Analyses
To examine potential predictive relationships between total body length, gnathopod metrics and sex, ANCOVA were performed separately for each species from the museum collections with the metric of interest as the response variable, total body length (adjusted for museum samples) as the covariate and sex as the grouping variable (Zar, 2003) . We combined juveniles, immature and mature males as one continuum (male), and juveniles, immature and mature females as the other (female). For comparisons that resulted in non-significant interaction terms (i.e., similar slopes), the interaction term was removed and the ANCOVA re-run to compare elevations of lines. Data were log 10 -log 10 transformed prior to analyses to correct for potential allometry between variables (Thompson, 1942) and to meet assumptions of ANCOVA (homogeneity of variance and normality).
To examine the robustness of the predictive relationships, we intended to test them on the data set generated from the field collections from Reverse Stream Cave. However, a preliminary plot of the data showed points clustering separately from those of the museum collections and with different trajectories. This caused us to change our analyses to determine if populations indeed differed. We repeated the above analyses for the data for Reverse Stream Cave then grouped data by species and sex to compare populations using ANCOVA. For ANCOVA models with significant interaction terms, we visually examined regression lines and 95% confidence intervals to determine if, and at what body size the lines diverged, i.e., 95% confidence intervals diverged. We took this size as the size at which sex could be distinguished. Because we were interested in exploring predictive relationships for field use, we did not pursue other analysis techniques such as principal component analysis (PCA) and logistic regression, which are often used in geomorphic morphometric studies (Cardin, 2000; Jensen, 2003) .
RESULTS

Gammarus Acherondytes
Mature males of G. acherondytes in collections from Illinois Caverns were relatively uncommon but were the largest individuals in samples in which they were present ( Fig. 2A-D) . Slopes of propodus length and width for males and females as a function of total body length differed (Table 1 ; Fig. 2A-D) . However, it is difficult to distinguish sex of individuals, except mature males, because slopes diverged little over the range of the data. Using gnathopod morphology only, mature males could be identified as those individuals with a propodus length and width !1.0 mm and !0.53 mm and for gnathopods 1 and !1.08 mm and !0.53 mm for gnathopod 2, respectively ( Fig. 2A-D) .
For G. acherondytes from Reverse Stream Cave, males were also the largest individuals collected and in general had longer and wider propodi compared to females. Slopes of propodus 1 and 2 length and width as a function of body length were similar and elevations of lines differed between males and females for all metrics (Table 1; Fig. 2E-H) , indicating the possibility of using gnathopod metrics to separate sex on a statistical basis. However, there was a high degree of variability in the data (Table 2) , suggesting potential difficulties in accurately assigning sex based solely on gnathopod morphology.
For the populations of G. acherondytes from Illinois Caverns and Reverse Stream Cave, comparisons of metrics as a function of body length were generally similar in slope, and intercept; except for propodus 1 and 2 width for males, and propodus 2 width for females (Table 1; Fig. 2A-H ) indicating some population-specific gnathopod morphology.
Gammarus troglophilus -Similar to G. acherondytes, mature males of G. troglophilus were also the largest individuals in the samples and the lengths and widths of propodi were larger than those of females. For Fogelpole Cave, slopes of length of propodus 1 and 2 and width of propodus 2 as a function of body size differed between males and females (Table 1 ; Fig. 3A-D) . Because the regression lines diverged, sex could be identified for propodus 1 length !1 mm and a body size !16 mm (Fig. 3A) ; propodus 2 length !0.95 mm and body size !16 mm (Fig. 3C) ; and propodus 2 width !0.5 mm and a body size !16 mm (Fig. 3D) . The slope of propodus 1 width as a function of body size was similar for males and female, but elevations differed (Table 1 ; Fig. 3B ). However, given the scatter of data about the respective regression lines (Table 2) , it is unlikely that sex could be assigned unambiguously based on gnathopod morphology.
For Reverse Stream Cave, slopes of gnathopod metrics as a function of body size were similar for all comparisons but differed in elevation (Table 1; Fig. 3E-H) indicating the possibility of using gnathopod metrics to separate sex on a statistical basis. However, similar to G. acherondytes from Reverse Stream Cave, there was a high degree of variability in the data (Table 2) , suggesting potential difficulties in accurately assigning sex based solely on gnathopod morphology.
For the populations of G. troglophilus from Fogelpole and Reverse Stream Caves, comparisons of metrics as a function of body length indicated slopes for males for all metrics differed; except propodus 2 width for which slope and intercept were similar (Table 2; Fig. 2A-H ). For females, slopes for propodus 1 length and intercepts for propodus 1 width differed indicating some populationspecific gnathopod morphology. For females, propodus 2 slopes and intercepts were similar (Table 2; Fig. 2A-H ).
DISCUSSION
Our results show that the use of gnathopod morphology to distinguish sex in the cave amphipods G. acherondytes and G. troglophilus is possible, highly population specific, and of limited general use. For both species and all populations, gnathopod morphology can be used to identify mature males. However, unlike for other amphipod species e.g., Hyalella sp., the identification of sex for immature individuals was limited. Because the slopes of lines of gnathopod metrics diverged significantly for the G. troglophilus population from Fogelpole Cave, it was possible to differentiate sexes. However, the size at which this could be accomplished was !16 mm, compared to a size of 8.8 mm using primary sexual characteristics such as penal papillae and oöstegites (Venarsky and Wilhelm, unpublished data) . Thus, a relatively large size range, en- Table 2 for coefficients, n, and R 2 . Vertical and horizontal lines indicate size at which sexes could be distinguished for each gnathopod metric (divergence of 95% confidence interval determined by eye).
compassing immature individuals can not be identified using gnathopod morphology Although there is statistical support for sexual dimorphism in gnathopod morphology for G. acherondytes and G. troglophilus from Reverse Stream Cave (Figs. 2 and 3E -H), this may be of limited field use because of the variability in the data sets. Assigning sex using the relationships we established would result in a high degree of ambiguity for overlapping data points in the 12-15 mm and 13-18 mm range for G. acherondytes and G. troglophilus, respectively. This ambiguity can be reduced by using only the relationships for propodus 1 length for G. acherondytes and propodus 2 length for G. troglophilus (Figs. 2 E, 3G) as these have the clearest separation between sexes. We suggest that sex determination using gnathopods be limited to these metrics for each respective population.
Because the use of gnathopod morphology to identify sex is limited to relatively large cave amphipods, researchers need to consider trade offs between time spent determining sex, the information possibly gained by using different approaches to determine sex, and their impacts on the study system. Only being able to determine the sex of large Table 1 . Summary of ANCOVA results for propodus length (PL) and width (PW) of gnathopod 1 and 2 (Gn1, Gn2) metrics versus total body length for Gammarus acherondytes and Gammarus troglophilus from caves of south western Illinois. (Lewis, 2003 (Lewis, , 2007 . Thus, the information required and investment of researcher time may be the best guide to the method used to distinguish sex in these cave amphipods.
The apparent individuality of relationships for gnathopod metrics as a function of body size among the populations is interesting and deserves further investigation. Although gnathopod morphology has been used to identify sex in other amphipod species, we are unaware of studies similar to ours that have rigorously compared metrics among populations to examine the generality of relationships describing such dimorphisms. The observed differences in relationships may be genetically based given they align with sub-regions and known differences in haplotypes (Venarsky et al., 2008) . For example, Illinois Caverns and Fogelpole Cave are located in the Renault sub-region of the southwestern Illinois Sinkhole Plain Region (SPR), while Reverse Stream Cave is located in the Waterloo sub-region (USFWS, 2002) . Each sub-region is hydrologically isolated (Aley and Moss, 2001 ) and harbors distinct haplotypes of G. acherondytes (Venarsky et al., 2008) and likely also G. troglophilus. Differences in gnathopod relationships may also offer insights to selective pressures influencing the populations. For example, Dick and Belwood (1996) showed that as sex ratios became increasingly male biased the length of pre-copulatory mating increased in G. duebeni to ensure male access to limited females. Thus large gnathopod morphology may confer an advantage to males in retaining females both during long periods of pre-copula and in direct contests with other males in the face of high male-male competition. Wellborn (1995) also suggested some functionality in obtaining mates for the strong sexual selection acting on gnathopod width in Hyalella azteca that occupied a marsh. Although differences in propodus morphology in males can be explained on the basis of sexual selection as a result of mate guarding and strong competition for females, such explanations are not likely for morphological differences in females between populations that remain perplexing. Examination of factors causing the expression of these differences may offer important insights Table 2 . Regression coefficients for overall sums of least squares regression lines describing relationships between gnathopod morphometric data for the cave amphipods Gammarus acherondytes and Gammarus troglophilus. Note: Equations are in the form Log 10 metric (mm) ¼ Log 10 a (695% C.I.) þ b(695% C.I.) Á Log 10 Total body length (mm); where a and b are the intercept and slope, respectively; n -number of observations; C.I. is the confidence interval; R 2 -coefficient of determination; GN1L -gnathopod 1 length;, GN1W -gnathopod 1 width; GN2L -gnathopod 2 length; GN2W -gnathopod 2 width; and Location -cave from which samples were collected. Table 2 for coefficients, n, and R
2
. Vertical and horizontal lines indicate size at which sexes could be distinguished for each gnathopod metric as for Fig. 2.   32 into mechanisms influencing the populations and should be investigated.
